INTRODUCTION
The chaperonins are essential ATP-driven macromolecular machines of protein folding in bacteria, archaea, and eukarya (Hayer-Hartl et al., 2016; Lopez et al., 2015) . They form 800-to 1000-kDa double-ring complexes, with each ring enclosing a central cavity that functions as a nano-compartment for a single molecule of substrate protein (SP) to fold unimpaired by aggregation. In the case of the bacterial chaperonin, GroEL, and its homologs in mitochondria and chloroplasts, a lid-shaped cofactor, GroES, is required to close the folding chamber in an ATP-regulated reaction cycle. This process involves a network of nested cooperativity, with positive cooperativity of ATP-binding and hydrolysis within GroEL rings and negative cooperativity between rings (Gruber and Horovitz, 2016; Saibil et al., 2013) . Despite intensive research, how exactly the two rings function in a coordinated manner is only partially understood. In one model, the two rings alternate between folding active and inactive states in a sequential mechanism, while in another, the two rings are proposed to function independently and to be folding active simultaneously (Hayer-Hartl et al., 2016; Taguchi, 2015) ( Figures 1A and 1B) .
GroEL consists of two heptameric rings of $57-kDa subunits that are stacked back to back such that each subunit in one ring contacts two subunits in the opposite ring (Hayer-Hartl et al., 2016; Saibil et al., 2013) . The GroEL subunit is composed of an equatorial ATPase domain, an intermediate hinge domain, and an apical domain (Figures 1A and 1B) . The apical domains form the flexible ring opening and expose hydrophobic amino acid residues toward the central cavity for the binding of nonnative SP. GroES is a heptameric ring of $10-kDa subunits that caps the SP-bound GroEL ring, forming the so-called cis complex. This step is preceded by the binding of seven ATP to the cis ring and results in the displacement of SP into an enlarged hydrophilic chamber for folding . In the sequential model (also referred to as the asymmetric cycle), SP is free to fold inside this cage for the time needed for ATP hydrolysis ($2-7 s, dependent on temperature) (Figure 1A) . During this time, the open trans ring can bind a new non-native SP. After ATP hydrolysis in the cis ring, ATP binding to the trans ring causes the dissociation of ADP and GroES, allowing SP release. GroES binding to the trans ring forms a new, folding-active cis chamber (Rye et al., 1999) . Asymmetric GroEL:GroES complexes predominate, due to the negative allosteric coupling of the GroEL rings, which is mediated by critical contacts at the inter-ring interface of the equatorial domains (Gruber and Horovitz, 2016; Saibil et al., 2013) . In contrast, in the non-sequential model (also referred to as the symmetric cycle; Ye and Lorimer, 2013) (Figure 1B) , GroES binds simultaneously to both GroEL rings and dissociates stochastically upon ATP hydrolysis, with SP catalyzing nucleotide exchange (Hayer-Hartl et al., 2016; Taguchi, 2015) . Symmetric GroEL:GroES 2 complexes are thought to be the major populated species . Due to the stochastic nature of GroES binding and release, the residence time of SP in the folding cage would vary in this model.
Here, we performed a series of biochemical and biophysical experiments to investigate the GroEL/GroES reaction and distinguish between the different models. We find that transient ring separation permits the GroEL rings to function sequentially in SP folding. Ring separation is triggered by ATP binding to the trans ring of the asymmetric GroEL:GroES complex and is concomitant with the dissociation of GroES from the cis ring for SP release. At this point, ring exchange between complexes can occur. A folding-active GroEL mutant with covalently linked rings populated symmetric GroEL:GroES 2 complexes. In this mutant, both GroEL chambers function simultaneously. Failure of ring separation in the reaction cycle resulted in delayed release of folded SP and inefficient binding of non-native SP, consistent with the reduced activity of this mutant in vivo. Together, our findings define transient ring separation as an integral step of the sequential GroEL/GroES chaperonin cycle.
RESULTS

GroEL Ring Separation in the Chaperonin Reaction
To distinguish between the two rings of GroEL in the chaperonin cycle, we took advantage of previous reports that GroEL ring hybrids can be produced by incubating wild-type GroEL (EL-WT) with GroEL mutant EL-379 or with GroEL from Thermus thermophilus in the presence of ATP (Burston et al., 1996; Taguchi et al., 1997) . EL-379 carries the mutations Y203E, G337S, and I349E in the apical domain. It is ATPase active but was reported to be unable to bind SP and GroES (Burston et al., 1996) . On native-PAGE, the EL-379 double ring migrates more slowly than GroEL, and the mixed ring (MR) complex migrates to an intermediate position (Figure 1C , lanes 1 and 2). We found that MR could not only be generated at 42 C (Burston et al., 1996) , but also formed efficiently at 25 C ( Figure 1C , lanes 1-3). MR formation was ATPdependent and was not observed when EL-379 was incubated with the GroEL mutant EL-D87K, which does not bind nucleotide (Figure 1C, lane 4) . To verify that MR is composed of distinct rings from GroEL and EL-379, and not of scrambled subunits, we dissociated EL-WT and EL-379 into subunits with 3.5 M urea and then reassembled the subunits in the presence of ATP (Ybarra and Horowitz, 1995) (Figure S1A ). This resulted in scrambled complexes migrating as multiple bands on native-PAGE between EL-379 and EL-WT ( Figure S1B ), but not as a distinct band as observed for MR ( Figure 1C ). Interestingly, when MR was first purified by anion-exchange chromatography (Figure S1C) , incubation with ATP resulted in redistribution of the rings to the typical three-band pattern at a molar ratio of EL-WT to MR to EL-379 of 1:2:1 (Figures 1C, lanes 5-6, and 1D). This indicated that the MR complex, once formed, is not a stable entity. Time course experiments showed that MR formation using 1 mM EL-379 and 1 mM EL-WT occurred with an apparent t 1/2 of $50 s at 25 C ( Figures 1E and S1D ), i.e., with kinetics comparable to the ATPase rate of GroEL ($3 rounds of ATP hydrolysis per tetradecamer; Figure S1E ). MR formation also occurred at a similar rate in the presence of 30% Ficoll 70 ( Figures 1E and S1D) , a crowding agent used to mimic the excluded volume effects of the cell cytosol (Zimmerman and Minton, 1993) . These findings indicated that ring separation and exchange can occur during the GroEL ATPase cycle.
Next, we tested the nucleotide requirement of ring separation and also analyzed the effect of GroES. MR formation occurred in the presence of ATP but was inefficient with ADP ( Figure 1F , lanes 1-3). Note that ADP preparations may contain small amounts of ATP (Hayer-Hartl et al., 1996) . In the additional presence of GroES, ring separation and exchange was observed again only with ATP ( Figure 1F , lanes 4 and 5). These reactions were stopped by addition of CDTA, which results in dissociation of GroES from EL-WT (Hayer-Hartl et al., 1995) . The upshift of EL-379 observed in the presence of GroES ( Figure 1F , lanes 4 and 5) was due to inefficient GroES dissociation, as confirmed by excision of the band and reanalysis by SDS-PAGE (Figure S1F ). This observation, together with the finding that GroES inhibits the EL-379 ATPase by $30% (Figure S1E ), indicated that the reported defect of EL-379 in GroES binding is only partial. To determine whether ATP binding or hydrolysis is required for ring separation, we used the GroEL mutant EL-D398A, which binds ATP but hydrolyzes it at a very slow rate of less than 2% of EL-WT (Rye et al., 1997) . ATP-dependent MR formation of EL-D398A with EL-379 ( Figure 1G ) occurred with the same efficiency as for EL-WT ( Figure 1F ), suggesting that ATP binding, but not hydrolysis, causes ring separation.
Ring separation and exchange was next analyzed in the presence of unfolded SP and GroES. We used SPs varying in size and folding properties: double mutant of maltose-binding protein (DM-MBP; $41 kDa) refolds spontaneously with slow kinetics (D) Schematic illustrating the re-equilibration of MR (C, lanes 5 and 6), resulting in EL-WT, MR, and EL-379 at a molar ratio of 1:2:1.
(E) Kinetics of MR formation. EL-WT and EL-379 were incubated with ATP as in (C) in the absence or presence of 30% Ficoll 70 at 25 C. Reaction aliquots were stopped by CDTA at different time points and MR formation monitored by native-PAGE as above, followed by densitometry. The amount of MR at 10 min was set to 100%. Data represent the mean ± SEM of three independent experiments. (F and G) Nucleotide requirement for MR formation. EL-WT (F) or EL-D398A (G) was incubated with EL-379 (1 mM oligomer each) for 5 min at 25 C with or without nucleotide and GroES (4 mM heptamer). Reactions were stopped and analyzed as in (C) .
(H) MR formation in the presence of ATP, SP, and GroES. MR formation of EL-WT and EL-379 was performed at 25 C in the absence of SP or presence of unfolded DM-MBP (4 mM), Rho (1 mM), or mMDH (1 mM). Reactions were stopped and analyzed as in (C) . (I) GroEL ring separation upon ATP binding to the trans ring of a GroEL:7ADP:GroES complex. EL-WT (lanes 1-3) or EL-D398A (lanes 4-6) and EL-379 were incubated with GroES and ADP for 10 min at 25 C to form GroEL:7ADP:GroES complexes. MR formation was initiated by ATP addition and stopped with CDTA within 10 s (lanes 3 and 6).
(J) Hypothetical model for ATP binding to the trans ring of a GroEL:7ADP:GroES complex causing transient ring separation coupled with the dissociation of ADP and GroES from the cis ring and possible MR formation.
(K) MR formation in the presence of GroES between EL-379 and EL-D155A (defective in positive intra-ring cooperativity), between EL-WT and EL-D155A/ R197A (defective in positive intra-ring cooperativity), and between EL-379 and EL-E461K (defective in negative inter-ring cooperativity). MR formation was analyzed as in (C) . MR formation between EL-379 and EL-WT is shown as control. See also Figures S1 and S2.
(t 1/2 $30 min), but the folding intermediate has high affinity for GroEL (Tang et al., 2006) , thus allowing chaperonin function to be analyzed at SP saturation (Haldar et al., 2015) , and mitochondrial rhodanese (Rho; $33 kDa) and mitochondrial malate dehydrogenase (mMDH; $35 kDa) aggregate upon dilution from denaturant in the absence of GroEL (Martin et al., 1991; Ranson et al., 1995) . Efficient MR formation was observed in all cases ( Figure 1H ).
ATP Binding to GroEL:7ADP:GroES Causes Ring Separation
To determine the step in the GroEL/GroES cycle at which the GroEL rings separate, we used complexes of ADP with metal fluoride or vanadate ion to mimic different states of the g phosphate along the reaction coordinate of ATP hydrolysis. ADP$BeF x mimics the ATP-bound state, ADP$AlF x mimics the transition state of ATP hydrolysis, and ADP$VO 4 mimics the post-hydrolysis state (Chaudhry et al., 2003; Meyer et al., 2003) . In the presence of these nucleotide analogs, asymmetric GroEL:GroES complexes form with nucleotides bound in the cis ring (Haldar et al., 2015; Yang et al., 2013) . No MR formation was observed in the presence of these nucleotides ( Figure S1G ). Thus, the action of ATP solely in the cis ring of EL-WT apparently does not cause ring separation, suggesting that ATP binding to the trans ring triggers ring separation after ATP hydrolysis in the cis ring.
To test this possibility directly, we first generated the asymmetric GroEL:7ADP:GroES complex. Addition of ATP, resulting in ATP binding to the trans ring, triggered ring separation and efficient formation of MR complexes within 10 s ( Figure 1I , lanes 1-3). Importantly, MR formation within seconds was also observed upon ATP binding to the ATPase-defective EL-D398A:7ADP:GroES complex ( Figure 1I , lanes 4-6). Note that EL-D398A requires $40 min to complete one round of ATP hydrolysis (Rye et al., 1997; Yang et al., 2013) . Thus, ATP binding to the trans ring of the GroEL:7ADP:GroES complex is the step at which ring separation is triggered (Figure 1J) , concomitant with the dissociation of ADP and GroES from the cis ring.
Negative Inter-ring Cooperativity Is Required for Ring Separation The GroEL/GroES ATPase cycle is regulated by a system of nested cooperativity (Gruber and Horovitz, 2016) . ATP binds to a GroEL ring with positive cooperativity (Hill coefficient, n = $2.8), and there is negative allostery between rings (Figure S2A ). Considering that ring separation is triggered by ATP binding to the trans ring, it seemed plausible that negative inter-ring cooperativity was required for this effect. Negative cooperativity is reflected by a small decrease in the ATPase rate from its maximum as the ATP concentration is raised above $20 mM (Gruber and Horovitz, 2016) (Figure S2A ). We tested the efficiency of MR formation with GroEL mutants displaying defects in either positive or negative cooperativity. Mutation D155A converts the ATP-induced intra-ring allosteric transitions from concerted to sequential, reducing positive cooperativity (n = $1.5) while preserving negative inter-ring allostery (Danziger et al., 2003) (Figure S2B ). We generated a GroEL mutant essentially lacking positive cooperativity by combining mutations D155A and R197A ( Figure S2C ). The latter destabilizes one of the inter-subunit salt bridges (R197-E386), reducing positive cooperativity (White et al., 1997) . The EL-D155A/R197A double mutant nevertheless preserved negative inter-ring cooperativity ( Figure S2C ). Both EL-D155A and EL-D155A/R197A formed MR complexes in the presence of GroES/ATP with an efficiency similar to EL-WT ( Figure 1K ), indicating that intra-ring cooperativity is not critical for ring separation. In contrast, mutant EL-E461K had lost the negative inter-ring cooperativity but largely preserved positive intra-ring cooperativity (n = $2.3) (Figure S2D) . In this mutant, the critical inter-ring salt-bridges (E461-R452 and K105-E434) of the equatorial domains were disrupted, and the two rings were realigned in a 1:1 subunit interaction (Cabo-Bilbao et al., 2006; Sewell et al., 2004) . No MR formation was observed with EL-E461K. In conclusion, structural changes underlying negative inter-ring cooperativity of ATP-binding are critical in triggering ring separation.
Kinetic Analysis of GroEL Ring Exchange
To determine the kinetics of GroEL ring exchange, we established a dual-color fluorescence cross-correlation spectroscopy (dcFCCS) assay using the apical domain cysteine mutant, EL-E315C, labeled either with the fluorophore Atto 532 (green) or Atto 655 (red) (Haldar et al., 2015) . Equimolar amounts of the labeled proteins (0.5 mM each) were mixed and allowed to undergo ring exchange in the presence of GroES, unfolded DM-MBP, and ATP at 25 C ( Figure 2A ). MR formation was stopped at different times by addition of apyrase to rapidly hydrolyze ATP, followed by dcFCCS. MR formation occurred with an apparent t 1/2 of $22 s (Figure 2A ). Note that this experimental setup may underestimate the kinetics of ring separation due to the concentration dependence of ring re-association. To obtain the concentration-independent rate of ring dissociation, we incubated preformed MR complexes with excess unlabeled GroEL (plus GroES and unfolded DM-MBP) and monitored the decay of the dcFCCS signal ( Figure 2B ). ATP-dependent ring separation in $70% of the complexes occurred rapidly with a t 1/2 of $12 s ( Figure 2B ). The remainder of the complexes showed a slow rate of ring separation, suggesting that a fraction of the labeled MR complexes were not fully functional. The fluorescent-labeled EL-315C hydrolyzed ATP in the presence of GroES and DM-MBP at a rate of $50 min À1 ( Figure S3 ), equivalent to successive ATPase cycles in the two GroEL rings being completed in $17 s. Thus, ring separation allowing exchange occurs at the timescale of the ATPase reaction.
Preventing Ring Separation by Inter-ring Disulfide Bridges
To understand the functional significance of ring separation, we designed a cysteine mutant of GroEL in which the two rings are covalently coupled via disulfide bonds. In the GroEL crystal structure (PDB: 1XCK), residue Ala109 of helix D in the equatorial domain of each subunit of one ring is in van der Waals contact with Ala109 in a subunit of the opposing ring, having a role in communicating negative inter-ring allostery (Gruber and Horovitz, 2016; Saibil et al., 2013) . We mutated Ala109 to Cys. The resulting mutant, EL-A109C, readily formed inter-ring disulfide bonds upon expression in E. coli, indicating that the Cys residues are properly positioned for disulfide-bond formation. Disulfidebonded GroEL-subunit dimers were confirmed by mass spectrometry and SDS-PAGE ( Figures S4A and S4B ). We solved the crystal structure of EL-A109C by molecular replacement at 3.2 Å resolution ( Figure 3A and Table S1 ). The inter-ring disulfide bonds between opposite A109C residues are clearly observed ( Figures 3A and 3B ). The structure of the disulfide-bonded EL-A109C (henceforth EL-SS) was otherwise essentially identical to EL-WT with an overall root mean square deviation (rmsd) between Ca atoms of 1.128 Å .
As expected, EL-SS completely lost the ability of ring separation and MR formation, even in the presence of 10 mM DTT ( Figures 3C and S4C) , consistent with the solvent-inaccessible nature of the disulfide bond (8.3% solvent exposure). As a control, we generated the mutant EL-A109S, which showed MR formation like EL-WT ( Figure 3C ). Both EL-SS and EL-A109S displayed positive intra-ring and negative inter-ring cooperativity of their ATPase functions ( Figures 3D and S4D) . Thus, the role of the residue 109 inter-ring contact in communicating the negative allostery via helix D is preserved, indicating that inter-ring communication is not grossly disturbed in EL-SS. The ATPase rate of EL-SS was about twice that of EL-WT but was inhibited by GroES to the same level as EL-WT ( Figure S4E ). Additionally, EL-SS and EL-A109S bound non-native SP with the same efficiency as EL-WT ( Figure S4F ). In summary, EL-SS allows us to investigate the functional consequences of a failure of ring separation.
Failure of Ring Separation Results in Symmetric GroEL:GroES 2 Complexes
In the sequential model of the GroEL/GroES reaction, the main populated species is the asymmetric GroEL:GroES complex. Symmetric GroEL:GroES 2 complexes are either absent or occur only transiently (Hayer-Hartl et al., 2016) . To test whether preventing ring separation shifts the proportions of the different particles, we again used dcFCCS. In this assay, formation of symmetric complexes is indicated by the co-diffusion through the confocal volume of two differentially fluorescent-labeled GroES molecules (ES-655 and ES-532) bound to GroEL, resulting in a quantifiable cross-correlation signal ( Figure 4A ) (Haldar et al., 2015) . The ATP hydrolysis-deficient mutant EL-D398A, which populates 100% symmetric complexes with GroES (Koike-Takeshita et al., 2008; Sameshima et al., 2008) , was used as reference. As reported previously, EL-WT formed negligible amounts of symmetric complexes both in the absence and presence of saturating concentrations of non-native SP (DM-MPB) (Figures 4B and 4C) (Haldar et al., 2015) , in support of a sequential reaction cycle. Interestingly, EL-SS, unable to undergo ring separation ( Figure 3C ), formed high amounts of symmetric complexes similar to the EL-D398A control, while the ring separation-competent EL-A109S behaved like EL-WT (Figures 4B and 4C) . Formation of symmetric complexes by EL-SS was confirmed by negative-stain electron microscopy (EM) (Figure S5A) . These findings suggested that transient ring separation ensures that the GroEL rings function sequentially, avoiding symmetric complexes from being populated. In support of this conclusion, the GroEL mutant E461K, defective in inter-ring cooperativity and ring separation ( Figures 1K and S2D ), also formed substantial amounts of symmetric complexes (Figure S5B) , especially at the higher temperature of 30 C. Interestingly, EL-E461K was also reported to have a temperaturedependent defect in mMDH folding (Sot et al., 2002) . The lower frequency of symmetric complexes with EL-E461K compared green and red, respectively) were incubated with GroES (2 mM). The reaction was started by adding denatured DM-MBP (1 mM) and ATP (5 mM). At the time points indicated, aliquots of the reaction were stopped with apyrase, diluted 15-fold and assayed by dcFCCS (see STAR Methods for details). Data represent the mean ± SEM of three independent experiments. (B) Kinetic analysis of MR dissociation by dcFCCS. EL-E315C labeled with Atto 532 (green), and EL-E315C labeled with Atto 655 (red) were incubated with ATP for 5 min to allow for MR formation. ATP was removed using two Bio-Spin 6 columns. Double-labeled MR was incubated with excess unlabeled EL-WT (1 mM), GroES (2.1 mM), and DM-MBP (1 mM). The exchange reaction was started by addition of ATP and stopped at different times with apyrase, followed by dcFCCS analysis as in (A) . Data represent the mean ± SEM of three independent experiments. See also Figure S3 .
to EL-SS may be due to the fact that in EL-E461K, the two rings are realigned in a 1:1 subunit interaction (Cabo-Bilbao et al., 2006) .
To exclude that the inter-ring disulfide bonds in EL-SS populate symmetric complexes by topologically restricting the interring interface, we also solved the crystal structure of the EL-SS:GroES 2 complex with bound ADP$BeF x (a mimic of bound ATP prior to hydrolysis) at 3.65 Å resolution ( Figure 4D and Table S1 ). Compared to apo-EL-SS (and apo-EL), the equatorial domains in the symmetric complex are re-oriented ( Figures 3A and S5C) . However, the symmetric complex of EL-SS:GroES 2 was highly similar to that of the symmetric complex formed by EL-WT and GroES in presence of ADP$BeF x (PDB: 4PKO; Fei et al., 2014) (Figure S5D ), with rmsd values (Ca atoms) of 2.16 Å (overall) and an average of 1.59 Å (0.92-2.45 Å ) for individual chains. Thus, the disulfide bonds linking the two GroEL rings do not restrict conformational changes that occur during ATP inter-ring communication, consistent with EL-SS preserving negative inter-ring cooperativity ( Figure 3D) .
Previous studies have shown that GroEL:GroES 2 complexes of EL-D398A with ATP or EL-WT with ADP$BeF x are non-cycling (Fei et al., 2014; Koike-Takeshita et al., 2014) . To determine whether EL-SS formed dynamic complexes with GroES, we added a 20-fold excess of unlabeled GroES to preformed double-labeled, symmetric complexes in the dcFCCS assay (Figure 4E) . In contrast to the non-cycling EL-D398A:GroES 2 , addition of GroES to EL-SS:GroES 2 complexes caused displacement of the labeled GroES, as reflected by the loss of the cross-correlation signal ( Figure 4E ). Next, we measured the Figure S2A . Data represent the mean ± SEM of three independent experiments. See also Figure S4 and Table S1 .
kinetics of GroES association and dissociation by stopped-flow fluorescence resonance energy transfer (FRET). The apical domain cysteine mutants EL-E315C or EL-A109C/E315C were labeled with the acceptor fluorophore Atto647N (EL A -WT or EL A -SS, respectively; $2.2 fluorophores per tetradecamer), and the GroES mutant 98C, which carries an additional cysteine at the C terminus, was labeled with the donor fluorophore Atto532 (ES D ; $1.1 fluorophores per heptamer) (see STAR Methods for details). Association was measured upon rapid mixing of EL A -WT or EL A -SS with ES D /ATP with or without excess of unfolded DM-MBP, and the increase in acceptor fluorescence was monitored (Figure S6A) . We observed overall similar pseudo-first-order association rates for EL A -WT and EL A -SS, independent of the presence of SP (k ass $22 s À1 ; t 1/2 $30 ms) (Figures S6B and S6C) . The amplitude of acceptor fluorescence was higher for EL A -SS than EL A -WT, consistent with the formation of symmetric complexes when ring separation is prohibited (Figure 4) .
To measure GroEL/GroES cycling under steady-state conditions, we first incubated EL A -WT and ES D with ATP for $1 min and then added unlabeled, competitor GroES in 20-fold excess by rapid mixing (Figure 5A ). The decrease in acceptor fluorescence, reflecting the dissociation of ES D , followed a single exponential with a k diss of 0.10 s À1 (t 1/2 $7 s) ( Figure 5B See also Figure S5 and Table S1 .
kinetics was imperfect, suggesting a stochastic nature of the cycling process with multiple co-existing sub-states. In the presence of unfolded DM-MBP, GroES dissociation from EL A -WT was accelerated $3.5-fold (k diss of 0.37 s À1 ; t 1/2 $2.0 s) (Figure 5C ). In contrast, SP had little effect on GroES dissociation from EL A -SS (k diss of 0.23 s À1 ; t 1/2 $3.0 s) ( Figure 5C ), presumably due to the simultaneous occupancy of both GroEL rings with GroES obstructing DM-MBP binding. In summary, both rings of EL-SS are simultaneously active in binding and unbinding of GroES, as proposed for the non-sequential chaperonin model .
Ring Separation Required for Efficient SP Release
To determine how ring separation contributes to the overall efficiency of GroEL-/GroES-assisted protein folding, we investigated the ability of EL-SS to refold three stringent chaperonin substrates: monomeric Rho, dimeric mMDH and tetrameric E. coli dihydrodipicolinate synthase (DapA; $31 kDa subunits). We diluted SP from denaturant into buffer containing EL-WT, EL-SS, or EL-A109S; started refolding by addition of GroES and ATP; and monitored the production of active enzyme. EL-SS mediated refolding of Rho with similar kinetics and yield as EL-WT or EL-A109S ( Figure 6A ), indicating that EL-SS is folding active. In contrast, the renaturation of mMDH and DapA with EL-SS was $2-3 times slower than with EL-WT (or EL-A109S) and the yield was reduced by $50% and $30%, respectively ( Figures 6B and 6C) . A defect for Rho refolding became apparent when the denatured protein was diluted into an actively cycling reaction of GroEL/GroES and ATP. While the refolding yield with EL-WT was reduced by $20%, refolding with EL-SS was reduced by $50% (Figure S7A ). We attribute this defect to EL-SS populating symmetric GroEL:GroES 2 complexes, which limits the availability of GroEL rings for binding non-native SP, resulting in SP aggregation. In contrast to the monomeric Rho, formation of enzymatically active mMDH and DapA involves the assembly of folded subunits released from chaperonin. To define the defect of EL-SS in the renaturation of oligomeric proteins, we followed the fate of mMDH in the chaperonin reaction. Size-exclusion chromatography of GroEL:SP complexes showed that EL-SS bound denatured SP with the same efficiency as EL-WT ( Figure S7B ). After 60 min of refolding in the presence of GroES and ATP, we added BeF x to stably close both folding chambers. Size exclusion chromatography showed that $65% of mMDH was still encapsulated in EL-SS by GroES compared to less than 20% in the case of EL-WT ( Figures 6D and 6E) . A similar result was obtained with monomeric Rho (Figures 6F and 6G ), suggesting that EL-SS is defective in SP release during the functional cycle.
To test this possibility further, we took advantage of previous findings that chaperonin-assisted folding of some SPs involves multiple rounds of binding and release of folding intermediates (Mayhew et al., 1996; Weissman et al., 1994) . These non-native states, when transiently released from GroEL into free solution, are efficiently trapped by the GroEL mutant N265A (EL-Trap), which does not bind GroES and cannot release SP (Motojima and Yoshida, 2010) . Addition of excess EL-Trap 20 s after initiating Rho refolding with EL-WT/GroES reduced the refolding yield by $70% (Figure 6H ). In contrast, EL-Trap inhibited refolding by EL-SS only by $30% (Figure 6H ), confirming that SP is not effectively released from EL-SS:GroES 2 and spends more time encapsulated in the GroEL/GroES cage. These data indicate that transient ring separation is necessary for the chaperonin system to achieve efficient SP ejection and thus allow the timely assembly of folded subunits to functional complexes.
Significance of Ring Separation In Vivo
GroEL/GroES is essential in E. coli (Fayet et al., 1989) , consistent with the obligate chaperonin requirement for folding of a subset of cytosolic proteins (Hayer-Hartl et al., 2016) . Most of the known GroEL substrates are oligomeric. To test whether GroEL ring separation is required in vivo, we used an MC4100 E. coli strain in which the groE promoter is replaced with the araC gene and A and B) GroEL-/GroES-assisted refolding of Rho (A) and mMDH (B) . Denatured SP was diluted from denaturant into buffer A containing 1 mM GroEL/2 mM GroES (final SP concentration 0.5 mM), followed by addition of 10 mM ATP to initiate refolding at 25 C. Refolding reactions were stopped with CDTA at the indicated time points. Refolding yields are plotted as enzyme activities in percent of native enzyme control. Single-exponential rates are indicated. Data represent the mean ± SEM of three independent experiments. (C) GroEL/GroES-assisted refolding of DapA was measured as above, except that denatured DapA was diluted into buffer B containing 2 mM GroEL/4 mM GroES (final DapA concentration 0.2 mM). Refolding reactions were stopped with CDTA and incubated for 60 min at 25 C to allow for assembly prior to enzyme assay.
Data represent the mean ± SEM of three independent experiments. (D-G) Analysis of chaperonin-assisted refolding of mMDH (D and E) and Rho (F and G) by size-exclusion chromatography. Refolding was carried out as in (A) and (B) for 60 min (mMDH) or 40 min (Rho), followed by addition of BeF x to form stable GroEL:GroES 2 complexes. Fractions were analyzed by SDS-PAGE and immunoblotting with anti-mMDH (D), anti-Rho (F), and anti-GroEL (D and F) antibodies. The amount of mMDH and Rho retained within the chaperonin was quantified by densitometry (E and G), with the sum of retained and free SP set to 100%. Data represent the mean ± SEM of three independent experiments. (H) Intermittent release of non-native SP during GroEL-/GroES-assisted refolding. Rho refolding was performed as in (A) with EL-WT/GroES or EL-SS/GroES. When indicated, a 5-fold molar excess of EL-Trap over GroEL was added 20 s after initiating refolding with ATP (dotted lines). Data represent the mean ± SEM of three independent experiments.
(legend continued on next page) the pBAD promoter, thus allowing the depletion of endogenous GroEL/GroES in the absence of arabinose (Kerner et al., 2005) . We introduced single-copy plasmids expressing GroES/EL-WT, GroES/EL-SS, or GroES/EL-A109S under the IPTG inducible lac UV5 promoter. Thiol-trapping experiments (Leichert and Jakob, 2004) confirmed that the inter-ring disulfide bonds in EL-SS form in the reducing environment of the cytosol, consistent with their solvent inaccessibility observed in the crystal structure ( Figure S7C ). The UV5 promoter is leaky, and thus, cell growth on glucose was observed without IPTG induction ( Figure 6I) . Notably, cells expressing EL-SS grew $100-fold slower than cells expressing EL-WT or EL-A109S at 25 C, 37 C, and 42 C, although the expression level of EL-SS was about 2-fold higher than that of EL-WT or EL-A109S ( Figure S7D ). Note that these constructs are not stress inducible, which explains the slower growth of EL-WT and EL-A109S cells at 42 C compared to at 37 C. Consistently, upon induction with IPTG ( Figure S7D ), growth of EL-WT and EL-A109S cells at 42 C was substantially improved (Figure 6I) . Notably, EL-SS expressing cells induced with IPTG grew as fast as control cells at 37 C, but not at 42 C ( Figure 6I ). These results show that the capacity of EL-SS to mediate protein folding in vivo is substantially reduced and becomes limiting for growth at GroEL levels similar to those of GroEL in WT cells ( Figure S7D ). Overexpression of EL-SS can compensate the loss of the WT protein, but not under stress conditions at 42 C when the demand for chaperonin function is strongly increased. This phenotype of the EL-SS mutant is consistent with ring separation being required to support the sequential GroEL/GroES cycle, allowing for efficient SP flux through the chaperonin system.
DISCUSSION
We have analyzed the reaction cycle of GroEL/GroES in assisted protein folding. The key result of our study is that the two heptameric rings of GroEL transiently separate, allowing for ring exchange between GroEL complexes. Transient ring separation occurs at the timescale of the GroEL/GroES ATPase. It serves to prevent symmetric GroEL:GroES 2 complexes from being populated and ensures that the two GroEL rings function sequentially, resulting in efficient release of folded SP and rebinding of non-native SP. Ring separation is a consequence of the negative inter-ring allostery of GroEL. Remarkably, this step of the reaction cycle has not previously been investigated.
The Sequential GroEL/GroES Reaction Cycle Our current model of the GroEL/GroES reaction is summarized in Figure 7 . SP folding occurs in the cis chamber of an asymmetric GroEL:GroES complex during the time needed for the hydrolysis of the seven ATP bound in the GroEL cis ring (steps 1 and 2). The fraction of SP (red) folded per encapsulation cycle varies for different proteins (steps 2a and 2b). While folding proceeds in the cis ring, the trans ring can bind another molecule of unfolded SP (black). Ring separation occurs after completion of ATP hydrolysis in the cis ring and is triggered by binding of ATP (not hydrolysis) to the trans ring (step 3). The rings separate due to steric clashes that underlie negative allosteric inter-ring coupling, inducing the dissociation of ADP and GroES from the cis ring (steps 3a and 3b). Folded SP is released (step 3a) while notyet-folded SP rebinds (step 3b), with cellular crowding favoring recapture by the same GroEL ring (Elcock, 2003; Martin and Hartl, 1997) . Following ATP binding to the former trans ring, (I) Growth phenotype of GroEL mutant strains. Single-copy plasmids encoding the proteins indicated were transformed into E. coli MC4100 SC3 Kan R cells in which the expression of the chromosomal groES/groEL operon was under the pBAD promoter and was shut off in the absence of arabinose. Serial dilutions of cells (10 1 -to 10 5 -fold) were plated on LB plates in the absence or presence of IPTG for expression of the GroEL variants and GroES at 25 C, 37 C, and 42 C.
See also Figure S7 . The sequential reaction cycle of GroEL and GroES in protein folding is shown schematically. Transient ring separation occurs upon ATP binding to the trans ring of the asymmetric GroEL:7ADP:GroES complex (step 3). Ring reassembly occurs after ADP and GroES dissociation from the former cis ring, thereby avoiding interring steric clashes (steps 4 and 5). Reassembly with a ring from another GroEL complex (violet) allows recaptured non-native SP to be rapidly encapsulated (step 5b versus 4b). See Discussion for details.
unfolded SP (black) is released from the apical GroEL domains and encapsulated by GroES (step 3c). The rings reassemble (steps 4 and 5) immediately after ADP release from the former cis ring, either without (4a and 4b) or with (5a and 5b) ring exchange. SP folding then proceeds in the new cis ring formed with the different possible ring combinations, completing the cycle. The proposed model dictates that single GroEL rings coexist with GroEL double rings in chaperonin reactions. Minor amounts of single rings have indeed been detected by electron microscopy (Llorca et al., 1998; Ranson et al., 2006) . In the case of Hsp60, the GroEL homolog of mitochondria, single rings are more frequently observed and are thought to occur in equilibrium with double rings (Levy-Rimler et al., 2001) . What would be the expected fraction of single rings in an ongoing reaction? The duration of the GroEL ATPase cycle (hydrolysis of 14 ATP) in the presence of GroES and SP is $17 s at 25 C ( Figure S3 ) . GroES dissociation upon ATP binding to the trans ring takes about 0.5-1 s (Rye et al., 1999; Sharma et al., 2008) . Assuming that ring reassembly follows immediately on GroES dissociation from the cis ring (Figure 7 , steps 3a and 3b), the single-ring fraction would amount to at most 10% of total GroEL. Given a total cellular concentration of GroEL subunits of $40 mM (Ellis and Hartl, 1996) , the single-ring concentration would be $0.3 mM (heptamer). Based on the diffusion coefficient of single-ring GroEL and assuming that diffusion is about 10 times slower in the crowded cytosol than in aqueous solution (Theillet et al., 2014) , single rings would nevertheless encounter one another within $20-50 ms. Since ring separation and exchange was unimpaired by the presence of biologically relevant concentrations of crowding agent, ring exchange should occur with high probability in vivo.
Mechanism and Function of GroEL Ring Separation
Conformational changes in the equatorial domains of the GroEL trans ring upon ATP binding to the GroEL:7ADP:GroES complex are known to weaken inter-ring association (Ranson et al., 2001) , as the ATP-induced twisting of the equatorial domains would result in van der Waals clashes. Ring separation would also be expected to occur in the reaction cycle of mitochondrial Hsp60. Interestingly, a recent crystal structure of the human Hsp60 mutant E321K, which is unable to cycle Hsp10 (the mitochondrial GroES homolog), has been suggested to capture a state preceding the dissociation of the double-ring complex into single rings (PDB: 4PJ1) (Nisemblat et al., 2015) . In this mutant complex, both rings are in the ADP-and Hsp10-bound states and make increased inter-ring contacts compared to the asymmetric GroEL:7ADP:GroES complex.
What are the functional contributions of ring separation to the chaperonin reaction? Our analysis of EL-SS, in which the two rings are covalently linked, suggests that transient ring separation converts the negative allosteric coupling of the GroEL rings into a functionally efficient reaction cycle. EL-SS, although preserving negative inter-ring allostery, has lost the coordination of EL-WT, in which one ring (the cis ring) is folding active while the other (the trans ring) accepts a new SP molecule (Figure 7) . Instead, both rings of EL-SS cycle GroES rapidly and simultaneously. As a consequence, ejection of folded SP from the GroEL:GroES cage becomes inefficient, which strongly reduces oligomeric assembly of SP into functional complexes. Moreover, the simultaneous GroES occupancy of both rings reduces the capacity to accept unfolded SP. Ring exchange could also benefit the folding of SPs that need multiple encapsulation cycles to reach the native state. Without ring exchange, recaptured non-native SP (Figure 7, step 3b, red) would halt in the bound state on the trans ring until the cis ring has hydrolyzed its seven ATP (Figure 7, step 4b) . In contrast, exchange with an open ring would allow recaptured SP to be encapsulated without delay (Figure 7, step 5b) .
The reaction cycle of EL-SS, in which ring separation is prevented and symmetric GroEL:GroES 2 complexes are highly populated, resembles the non-sequential (symmetric) cycle that was recently proposed as the general mode of chaperonin operation in the presence of SP . However, EL-WT formed only low amounts of GroEL:GroES 2 complexes in the presence or absence of SP ( Figure 4C ; Haldar et al., 2015) , arguing against the generality of the symmetric cycle. Our finding that EL-SS cannot functionally replace EL-WT for E. coli growth suggests that the sequential cycle operates in vivo.
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EXPERIMENTAL MODEL AND SUBJECT DETAILS
Strains, Plasmids and Proteins E. coli strains DH5a (ThermoFischer) and BL21 (DE3) Gold (Stratagene) were used for cloning and protein expression, respectively. GroEL mutants were generated by site-directed mutagenesis and constructed in pET11a vector backbones. Mutations were confirmed by DNA sequencing. GroEL proteins, GroES, DM-MBP and DapA were expressed and purified as described previously (Georgescauld et al., 2014; Hayer-Hartl et al., 1996; Tang et al., 2006) . Bovine mitochondrial rhodanese (Rho) was purchased from Sigma, and mitochondrial MDH (mMDH) from pig heart was from Roche. Protein concentrations were determined spectrophotometrically at 280 nm.
METHOD DETAILS
Mixed-ring Formation EL-WT (or GroEL variant) and EL-379 (1 mM tetradecamer each) were mixed in buffer A (20 mM MOPS, pH 7.4, 150 mM KCl, and 10 mM MgCl 2 ) with or without GroES (4 mM heptamer). Reactions were initiated upon addition of 10 mM ATP or ADP at 25 C and were stopped by the addition of CDTA (80 mM) at 5 min, unless indicated otherwise. For MR formation in the presence of non-native SPs, GuHCl-denatured DM-MBP (4 mM; final GuHCl 60 mM), Rho (1 mM; final GuHCl 30 mM) and mMDH (1 mM; final GuHCl 30 mM) were added into MR formation reactions for 5 min. MR formation was analyzed on 6% native-PAGE. MR was purified on a MonoQ 10/100 GL anion-exchange column (GE Healthcare Life Sciences) with a NaCl gradient from 30-500 mM. For the generation of scrambled rings, EL-WT and EL-379 were mixed at a 1:1 molar ratio (1 mM each) and dissociated into subunits by incubation in 3.5 M urea, followed by 30-fold dilution into buffer A containing ATP (5 mM) and (NH 4 ) 2 SO 4 (600 mM) for reassembly (Shiseki et al., 2001) . After reassembly for 60 min at 25 C, the reconstituted GroEL complexes were purified by size exclusion chromatography (Superdex 200 Increase 3.2/300, Amersham Biosciences) and analyzed on 6% native-PAGE. As controls the same procedure was performed using EL-WT and EL-379 alone.
In the experiments testing the effects of nucleotide analogs, EL-WT and EL-379 (1:1 molar ratio) were mixed in buffer A containing GroES, 1 mM ADP and 1 mM BeF x (generated by combining 1 mM BeSO 4 and 10 mM KF), or AlF x (generated by combining 1 mM Al(NO 3 ) 3 and 10 mM KF), or Na 3 VO 4 for 10 min at 25 C. For ATP binding to a preformed GroEL:7ADP:GroES complex, EL-WT (or EL-D398A) and EL-379 were incubated with GroES and 1 mM ADP for 10 min. Then ATP (10 mM) was added and the reactions stopped by CDTA (50 mM) within 10 s.
ATPase Assay and Data Fitting
The ATPase activity of GroEL (100 nM tetradecamer) was measured in buffer A at 25 C in the absence or presence of GroES (200 nM heptamer) using a NADH-coupled enzymatic assay (1 mM phosphoenolpyruvate, 20 U/ml pyruvate kinase, 20 U/ml lactate dehydrogenase and 0.25 mM NADH) at different ATP concentrations (Poso et al., 2004) . Allosteric properties with respect to ATP were analyzed by fitting the data to Equations 1 and 2 (Yifrach and Horovitz, 1995) . 
where V 0 and V max are the initial and maximal rate of ATP hydrolysis; [S] is ATP concentration; K is the apparent ATP binding constant; n is the Hill coefficient.
Aggregation Prevention and Refolding
Rho (100 mM) was denatured in 6M GuHCl/10 mM DTT for 60 min at 25 C and diluted 200-fold into buffer A in the absence or presence of GroEL variants (0.5 mM tetradecamer). Aggregation was monitored by measuring turbidity at 320 nm.
Rho, mMDH and DapA refolding assays were performed as described previously with minor modifications (Hayer-Hartl, 2000; Kerner et al., 2005; Weber and Hayer-Hartl, 2000) . GuHCl denatured Rho and mMDH were diluted 200-fold into GroEL/GroES containing buffer A to a final concentration of 0.5 mM and denatured DapA was diluted 200-fold into GroEL/GroES containing buffer B (20 mM Tris-HCl, pH 7.5, 100 mM KCl, and 10 mM MgCl 2 ) to a final concentration of 0.2 mM. GroEL and GroES were 1 mM (tetradecamer) and 2 mM (heptamer), respectively. Refolding was initiated upon addition of ATP (10 mM). When indicated, chaperonin action was stopped by CDTA (50 mM). Enzymatic assays of Rho, mMDH and DapA were performed as described (Hayer-Hartl, 2000; Kerner et al., 2005; Weber and Hayer-Hartl, 2000) . Spontaneous refolding of Rho and mMDH was inefficient (< 10% yield) due to aggregation.
Analysis of Asymmetric and Symmetric GroEL/GroES Complexes
Dual-color fluorescence crosscorrelation (dcFCCS) experiments were performed essentially as described (Haldar et al., 2015) . 50 nM each of Atto655 and Atto532 labeled ES-98C (ES-655 and ES-532, respectively) (approximately one fluorophore per GroES heptamer) were mixed with GroEL (50 nM tetradecamer) in buffer A containing 10 mM ATP and 0.05% Tween 20. The measurements were performed in the absence of SP for 60 min and in the presence of SP (0.5 mM DM-MBP) for 30 min. Formation of GroEL:GroES 2 complexes with EL-D398A was set to 100% as a positive control. To follow GroES dissociation, GroEL:GroES 2 complexes containing ES-655 and ES-532 were incubated with a 20-fold excess of unlabeled GroES (2 mM heptamer).
Analysis of Protein Encapsulation
Refolding reactions were performed as above and stopped after 40 min (Rho) or 60 min (mMDH) by addition of 1 mM BeF x to allow binding of GroES to both GroEL rings, resulting in stable encapsulation of SP. Reactions were then separated on a Superdex 200 PC3.2/30 column (Amersham Biosciences) equilibrated in buffer A containing 1 mM BeF x and 20 mM ATP. Fractions were collected and analyzed by immunoblotting against Rho or mMDH antibodies, followed by densitometry. The total amount of SP detected was set to 100%.
Stopped-flow Fluorescence Resonance Energy Transfer
The GroEL cysteine mutant (EL-E315C or EL-E315C/A109C) and the GroES mutant 98C (ES-98C, having an additional cysteine residue attached to the C terminus) were incubated with 10 mM DTT for 30 min and buffer exchanged to 20 mM MOPS pH 7.4, 100 mM NaCl and 10% glycerol on a Bio-Spin 6 column (BioRad), and immediately mixed with 2.5-fold Atto647N and 1.5-fold Atto532 for 30 min at 25 C, respectively (Haldar et al., 2015) . Note that the endogenous three cysteine residues of GroEL were preserved as they are important for negative cooperativity and were found not to be accessible to fluorophore labeling within 30 min. The labeling reaction was quenched by addition of 10 mM DTT. Free dye was removed by a Bio-Spin 6 column equilibrated in buffer (20 mM MOPS, 100 mM NaCl, 10 mM DTT and 10% glycerol). The degree of labeling was measured by absorption spectroscopy with $2.2 fluorophores per tetradecamer for EL A and $1.1 fluorophores per heptamer for ES D .
Stopped-flow FRET experiments were carried out using an Applied Photo Physics SX 18MV instrument with a 1:1 mixing ratio at 25 C. The donor (Atto532) was excited at 532 nm with a slit width of 10 nm, and acceptor (Atto647N) fluorescence was recorded with a 645 nm cutoff filter. Kinetic traces shown are averages of 4-6 independent measurements. For steady-state dissociation experiments, GroEL:GroES complexes were formed by mixing acceptor-labeled GroEL (EL A ; 0.2 mM tetradecamer) with donor-labeled ES-98C (ES D ; 0.4 mM heptamer) and 10 mM ATP for 1 min. The steady-state GroEL/GroES reaction was then rapidly mixed with 20-fold excess (4 mM) unlabeled, competitor GroES in the absence or presence of 10-fold excess non-native DM-MBP (2 mM). The final GuHCl concentration in reactions in the presence of non-native DM-MBP was 15 mM. The loss of energy transfer as ES D is replaced by unlabeled GroES is measured as a decrease in the acceptor fluorescence intensity. To obtain pseudo-first-order association kinetics of GroES and GroEL, a 10-fold excess of ES D (2 mM heptamer) over EL A (0.2 mM tetradecamer) was used in the absence or presence of non-native DM-MBP (2 mM). The gain of energy transfer as ES D binds to EL A is measured as an increase in acceptor fluorescence intensity.
In vivo Complementation Assay
The GroEL depletion strain, MC4100 SC3 Kan R , in which the chromosomal groE promoter was replaced with the araC gene and the pBAD promoter, was used (Tang et al., 2008) . GroES and variants of GroEL were constructed in the single-copy vector backbone of pEZ BAC (Lucigen) under the Lac UV5 promoter. E. coli MC4100 SC3 cells transformed with pEZ BAC lac-SL plasmids for the expression of GroES and either EL-WT, EL-SS or EL-A109S were grown in LB medium containing 0.1 mM IPTG at 37 C to an OD 600 of 0.5-1. Serial dilutions (10 1 -to 10 5 -fold) of cell suspension were spotted onto LB-kanamycin-chloramphenicol plates without or with IPTG (0.2 mM). Plates were incubated at 25 C, 37 C or 42 C. To verify that the expression of GroEL was similar for all the plasmid constructs, cells harboring the respective plasmids were grown in LB medium at 37 C containing 0 mM or 0.2 mM IPTG to OD 600 $1. The MC4100 strain with endogenous GroEL was used as a control. Equivalent amounts of cells (by cell density at OD 600 ) were collected from the liquid culture and the level of GroEL quantified by immunoblotting using GroEL antibodies, followed by densitometry.
Thiol-trapping
Thiol-trapping to detect the presence of inter-ring disulfide bonds in EL-A109C in vivo was performed according to Leichert and Jakob (2004) with modifications. EL-WT and mutant cells were grown with 0.2 mM IPTG to an OD600 of 0.6 at 37 C. 1.5 mL of the cell culture was harvested directly into 200 mL of ice-cold 100% (w/v) TCA and stored on ice for at least 30 min. The TCA-treated cells were centrifuged (13,000 g, 4 C, 30 min), and the resulting pellet was washed with 500 mL of ice-cold 10% (w/v) TCA followed by a wash with 200 mL of ice-cold 5% (w/v) TCA. The supernatant was removed completely, and the pellet was resuspended in 60 mL of denaturing buffer (6 M urea, 200 mM Tris-HCl pH 8.5, 10 mM CDTA, 0.5% (w/v) SDS) supplemented with 100 mM iodoacetamide to alkylate free thiol groups. After 10 min of incubation at 25 C, the reaction was stopped by adding 60 mL of ice-cold 20% (w/v) TCA. After 20 min of incubation on ice, the alkylated proteins were centrifuged again, and the pellet was washed with TCA as described before. The protein pellet was then dissolved in 20 mL of denaturing buffer without or with 10 mM DTT, followed by 4%-20% SDS-PAGE (Bio-Rad) and anti-GroEL immunoblotting.
Electron Microscopy A mixture of GroEL (50 nM tetradecamer) and GroES (100 nM heptamer) in buffer A containing 1 mM ATP after incubation for 2 min at 25 C was applied to freshly plasma cleaned, carbon-coated grids (Quantifoil), followed by negative staining with 2% uranyl acetate. Images were collected under low-dose conditions on a Philips CM200 FEG electron microscope at 160 kV equipped with a TemCam F415MP 4k detector at a magnification of 50,000x.
Crystallography
Robotic crystal screening using the Protein Complex Suite 1 screen (Radaev and Sun, 2002) was performed by the MPIB crystallization facility. Crystals grew by the sitting-drop vapor diffusion method at 18 C in drops containing a protein solution of 40 mg ml -1 in buffer A. Crystals of EL-A109C (EL-SS) were obtained with a precipitant containing 0.1 M sodium citrate pH 5.5 and 15% PEG 6000 (Protein Complex Suite 1, condition D7). EL-SS:GroES 2 was crystallized in the presence of 10 mM ATP and 3 mM BeF x with a precipitant containing 0.1 M Tris-HCl pH 8.0, 0.2 M NaCl and 20% PEG 4000 (Protein Complex Suite 1, condition C8). The crystals were transferred in a stepwise manner into cryo buffers containing 20% PEG-6000, 0.1M sodium-citrate pH 5.5 and 15% glycerol and 20% PEG-4000, 0.1 M Tris-HCl pH 8.0, 0.2 M NaCl, 10% glycerol, 10 mM ATP and 3 mM BeF x , respectively, and cryo-cooled with liquid nitrogen after 15 min incubation. Diffraction data were collected at the automatic beamline MASSIF-1 (ID30A-1) of the European Synchrotron Radiation Facility (ESRF) in Grenoble, France (Bowler et al., 2015) . The structures were solved by molecular replacement with the program MOLREP (Vagin and Isupov, 2001) , using the coordinates of previously published crystal structures PDB: 4WSC and PDB: 4PKN (Fei et al., 2013) as search templates. In iterative cycles, the structure models were alternatingly manually altered with Coot (Emsley and Cowtan, 2004 ) and refined with Refmac5 (Murshudov et al., 2011) employing the local NCS and TLS options. GroES and the apical, intermediate and equatorial domains of GroEL served as TLS groups. In the model of EL-SS:GroES 2 , linker regions with poor density were omitted. The stereochemical quality of the models was assessed with the program MolProbity (Chen et al., 2010) .
QUANTIFICATION AND STATISTICAL ANALYSIS
MR formation monitored by native-PAGE was quantified by densitometry using the program AIDA Image Analyzer version 4.15.025 (Raytest). Data in Figures 1E, 2, 3 , 4C, 4E, 6A-6C, 6E, 6G, 6H, S1E, S2, S3, S4D, S4E, S5B, S6D, S7A and S7D represent the mean ± standard error of the mean (SEM) of three independent experiments (n = 3).
DATA AND SOFTWARE AVAILABILITY
Data Resources
The coordinates and structure factor amplitudes for the protein complexes EL-A109C and EL-A109C:GroES 2 have been deposited to the Protein Data Bank (PDB) under accession codes PDB: 5OPW and PDB: 5OPX, respectively.
